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Abstract 
The present study describes a laboratory investigation on the feasibility of reusing construction and 
demolition waste as recycled concrete aggregate (RCA) to manufacture half-warm mix asphalt 
(HWMA) instead of natural aggregates. In this investigation, semi-dense HWMA for the binder 
course, type AC 22 bin S, was analysed. Percentages of 0% (control mixture), 55%, and 100% 
RCA were used instead of natural aggregates (hornfels). Cationic bitumen emulsion, type C60B4, 
was used to manufacture the aforementioned mixtures. First, the aggregates and bitumen emulsion 
mixing temperatures and mixing times were determined. Subsequently, volumetric properties, 
water resistance, resilient modulus, and resistance to permanent deformation were determined. All 
the samples were manufactured using Marshall compaction. The results indicate that it was 
possible to dose HWMA made with 55% RCA. The mixture exhibited increased bitumen 
consumption when compared to that of the control mixture (0% RCA) as well as increased air void 
content, increased stripping potential, less stiffness, and increased rutting potential. Nevertheless, 
the results satisfy the required conditions for low-traffic volume roads. 
 
Keywords: half-warm mix asphalt; recycled concrete aggregate; stripping 
potential; stiffness; permanent deformation 
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1. Introduction 
Since the early 1990s, there is a growing interest in introducing the concepts of 
sustainability and green technologies in the construction industry [1]. 
Hence, the road pavement industry followed two main approaches to contribute to 
sustainable development. The first involves the emergence of new technologies 
for mixing and laying asphalt at lower temperatures with a performance similar to 
that of conventional hot-mix asphalt (HMA) [2]. Previous studies indicated that a 
reduction from 150 ºC to 140 ºC in mixing and laying operations led to a 32.3% 
reduction in CO2 emissions [3]. Thus, warm-mix asphalt (WMA) and half-warm-
mix asphalt (HWMA) are currently used for flexible road pavements.  Rubio et al. 
[4] revealed that WMA exhibited mixing and laying temperatures ranging from 
100 ºC to 140 ºC while HWMA exhibited mixing and laying temperatures ranging 
from 60 ºC to 100 ºC. 
The second involves the use of residues and industrial by-products as recycled 
aggregate or as a bitumen modifier or extender. The use of the aforementioned 
materials that include recycled concrete aggregates (RCA) from construction and 
demolition waste (C&DW) significantly increased during the last decade [5-6].  
The high aggregate demand of bituminous mixtures makes it suitable to use RCA 
instead of natural aggregates.  
Furthermore, the aforementioned type of recycled aggregate is potentially suitable 
for use in bituminous mixtures. Specifically, the RCA are coated with bitumen in 
the aforementioned mixtures, and this avoids leachates [6-7].  
Hence, several investigations focus on the use of RCA in HMA [8]. Most studies 
agree that it is possible to use RCA to manufacture HMA. However, HMA made 
with RCA displays increased optimum bitumen content than mixtures made with 
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only with natural aggregates [7, 9-15]. The high porosity of the attached mortar 
[7, 15] appears as mainly responsible for this increased bitumen consumption. The 
rough texture of RCA makes the coating process more difficult, and therefore, 
there is a demand for increased bitumen. Additionally, the increased bitumen 
absorption of the attached mortar onto the RCA surface also leads to increased 
bitumen consumption. Generally, the water resistance of HMA made with RCA is 
worse than that obtained in mixtures made only with natural aggregates [7, 9-11, 
16-20]. In order to improve the water resistance, a few studies use treatments that 
help in decreasing water sensitivity [7, 8, 11, 20-21]. Other mechanical properties, 
such as resistance to permanent deformation of HMA made with RCA appear 
similar [7, 11, 20] or even better [21] than those obtained for mixtures made only 
with natural aggregates.  
In a few investigations, RCA was successfully used to manufacture cold in-place 
recycled (CIR) mixtures with asphalt emulsion [22] and cold-mix asphalt (CMA) 
[23-25]. 
Nevertheless, there is a paucity of studies on the use of RCA in WMA or HWMA.  
In the aforementioned cases, the most widely used recycled aggregate is the one 
that is derived from pavement milling, namely, reclaimed asphalt pavement 
(RAP). Hence, most studies focused on the use of RAP in WMA and concluded 
that WMA made with RAP can be used successfully in road pavement design [26-
31].  
Furthermore, slag aggregates are used in the manufacture of WMA. Based on 
Kanitpong et al. [30], WMA with slag aggregates display higher resistance to 
permanent deformation than HMA made with slag aggregates although their 
moisture damage resistance is worse. 
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2. Objectives, aim, and scope 
Two important actions that can decrease CO2 emissions in the road pavement 
industry include reducing the mixing and laying temperature and reducing the 
virgin aggregates consumption. 
As previously mentioned, there is a paucity of published studies on the use of 
RCA in WMA or HWMA. Thus, the aim of the present study is to analyse the 
feasibility of using various RCA percentages to manufacture HWMA, and thereby 
contributing to sustainable construction. 
The present study includes three main objectives: 
- The first involves standardising the mixing process (mixing temperature, 
mixing time, and moment when the filler is added to the mixture). This 
involves designing a homogeneous mixing process that is suitable for all 
RCA percentages. 
- The second involves obtaining the optimum bitumen content of HWMA 
made with RCA. The optimum binder content must lead to adequate 
volumetric properties and an adequate stripping potential. It is expected 
that the aforementioned requirement is difficult to achieve for all the RCA 
percentages. It is widely-known that in the case of HMA, the stripping 
potential of mixtures made with RCA is a main disadvantage. 
- The third is to check whether the use of RCA in HWMA can improve the 
performance of the bituminous mixtures. Hence, the stiffness and the 
rutting potential were analysed. The aforementioned results were 
compared with those obtained for a control mixture, which corresponded 
to HWMA with 0% RCA. 
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3. Materials and methods 
3.1. Basic materials 
3.1.1. Aggregates 
Both RCA and natural aggregates were used in the study. The natural aggregate 
was crushed hornfels while the RCA was supplied by a C&DW recycling plant in 
Madrid (Spain). 
The RCA consisted partly of concrete and petrous materials (89.3% of the mass of the 
RCA). The remainder of the constituents were bituminous materials (6.5%), ceramics 
(3.6%), and impurities (0.6%) such as rubber, wood, and gypsum. 
As shown in Table 1, given the attached mortar on the RCA surface, the recycled 
aggregate presented lower bulk specific gravity (a) and increased water 
absorption (W24) than those of natural aggregates and specifically in the finer 
fractions. The increased mortar content in the aforementioned fractions [31] is 
mainly responsible for this performance. The sand equivalent (SE) and the 
flakiness index (FI) of both aggregates complied with the Spanish specifications 
(known as PG-3) [34] for all traffic categories. The Los Angeles (LA) abrasion 
coefficient of RCA only complied for T31, T32, and T2 heavy traffic categories 
while it complied for all the heavy traffic categories for the hornfels. 
Table 1 
Properties of natural and recycled aggregates 
 
Property Standard RCA Hornfels PG-3 Specifications (*) 
T1 T31, T32, 
T2  
T41, 
T42  
a 
(g/cm3) 
0/4 mm EN 1097-6 [35] 2.420 2.760 
- - - 4/8 mm 2.450 2.750 8/16 mm 2.460 2.750 
16/22.4 mm 2.450 2.750 
WA24 
(%) 
0/4 mm 6.770 0.300 
- - - 4/8 mm 5.260 0.670 8/16 mm 4.380 0.470 
16/22.4 mm 4.090 0.510 
SE (%) EN 933-8 [36] 67 61 ≥ 55 ≥ 55 ≥ 55 
FI (%) EN 933-3 [37] 8 16 ≤ 20 T2, T31 ≤ 20 
≤ 30 
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T32 ≤ 30 
LA abrasion (%) EN 1097-2 [38] 32 14.2 ≤ 25 ≤ 35 - 
(*) Traffic category T1 refers to 4,000 > AADHT (Annual Average Daily Heavy Traffic) ≥ 2,000  
Traffic category T2 refers to 800 > AADHT ≥ 200 
Traffic category T31 refers to 200 > AADHT ≥ 100 
Traffic category T32 refers to 100 > AADHT ≥ 50 
Traffic category T4 refers to AADHT < 50 
 
 
3.1.2. Binder 
A cationic medium setting bitumen emulsion C60B4 was selected to prepare 
HWMA specimens. The main properties are listed in Table 2. 
Table 2 
Properties of the bitumen emulsion 
 
Properties Standard Value 
Breaking value EN 13075-1 [39] 135 g 
Bitumen content (by water content) EN 1428 [40] 63% 
Recovered oil distillate from bitumen emulsions by 
distillation 
EN 1431 [41] 1.5% 
Efflux time by the efflux viscometer (2 mm, 40 ºC) EN 12846-1 [42] 90 s 
Storage stability by sieving (0.5 mm sieve size) EN 1429 [43] 0.06% 
Settling tendency (7 d) EN 12847 [44] 8% 
 
3.2. Testing programme 
3.2.1. Specimen preparation 
Specifically, HWMA type AC 22 bin S was selected to perform the study. This 
mixture is a semi dense half-warm asphalt concrete mixture for the binder course 
of road pavements. The grain size distribution of the mixture was selected based 
on the gradation limits given by the Technical Association of Bituminous 
Emulsions (ATEB) [45]. As shown in Table 3, the selected HWMA exhibited a 
maximum size of the aggregate corresponding to 22 mm and 5% filler content. 
Table 3 
AC 22 bin S grain size distribution 
 
Sieve size (mm) Percent passing (%) 
Lower limit 
Percent passing (%) 
Upper limit  
Percent passing (%) 
Selected grain size 
distribution 
32 100 100 100 
22 90 100 100 
16 70 88 79 
8 50 66 58 
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4 - - 45 
2 24 38 31 
0.5 11 21 16 
0.25 7 15 11 
0.063 3 7 5 
 
The HWMA samples were manufactured by using 0% (control mixture), 55% 
RCA (coarse fraction), and 100% RCA instead of natural aggregates. 
Based on the Spanish standard NLT-159/86 [46], cylindrical Marshall specimens 
with a diameter of 101.6 mm and a height of 63.5 mm were manufactured.  
It should be noted that based on the ATEB recommendations [45], all the samples 
were cured in an oven for 3 d at 50 ºC prior to determining their volumetric 
properties, water sensitivity, and mechanical properties. 
3.2.2. Mixing temperature selection 
It is recommended that HWMA samples should be manufactured at temperatures 
lower than 100 ºC [45]. Thus, the aggregates must be heated at a temperature 
ranging from 100 ºC to 110 ºC, and the bitumen emulsion must be heated at a 
temperature ranging from 60 ºC to 80 ºC [45].  
In order to determine the most suitable heating temperature for both the 
aggregates and the bitumen emulsion, loose mixtures follow the Spanish standard 
NLT-145/72 [47]. Hence, aggregates were heated at 100 ºC, 105 ºC, and 110 ºC. 
For each aggregate temperature, the bitumen emulsion was heated at 60 ºC, 65 ºC, 
70 ºC, 75 ºC, and 80 ºC. 
The procedure was conducted for HWMA made with 0%, 55%, and 100% RCA. 
All samples were manufactured at the minimum residual bitumen content 
suggested by the ATEB [45] and by considering the density of the aggregates as 
follows: 3.82% for mixtures made with 0% RCA, 3.94% for mixtures made with 
55% RCA, and 4.00% for mixtures made with 100% RCA. 
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The NLT-145/72 [47] indicates that the mixing time must correspond to 3 min for 
the test. This is because the mixing process is a manual process, and thus a 
decrease in the mixing times can lead to improperly mixed mixtures. 
Additionally, two possibilities were analysed, namely mixtures in which the filler 
was introduced at the start of the mixing process and mixtures in which the filler 
was introduced when only 1 min remains for the mixing time to end. 
The temperature of the aggregates and the bitumen emulsion was visually 
determined. Additionally, the moment in the mixing process in which it was 
appropriate to introduce the filler was also determined. 
3.2.3. Mixing time selection 
In order to determine the volumetric and mechanical properties of the HWMA, a 
laboratory mixer was used to manufacture the bituminous samples. 
The ATEB [44] recommends mixing times ranging between 60 and 120 s. 
In order to select the most suitable mixing time during the mixing process, the 
bituminous mixtures were visually analysed at different mixing times (60 and 120 
s) with the purpose of determining when the mixture was properly coated. 
3.2.4. Volumetric properties 
Bulk specific density (b) as calculated by the saturated surface dry (SSD) water 
displacement method was determined based on the standard EN 12.697-6 [48]. 
Cylindrical Marshall samples compacted with 75 blows per face were used.  
Maximum specific density (m) based on the EN 12.697-5 [49] was also 
determined.  
The aforementioned values were used to calculate the air void content (Va) of the 
asphalt specimens based on EN 12.697-8 [50] as follows: 
10 
100
m
bmVa 

 
(1) 
In order to satisfy the ATEB [45] and PG-3 [34], the air void content for HWMA 
binder courses must be between 5% to 7% for traffic categories T1 and T2 and 
between 4% to 7% for traffic categories T31, T32, T41, and T42.  
The air void content was determined for mixtures made with 0%, 55%, and 100% 
RCA that were manufactured with different residual bitumen contents beginning 
from the minimum residual binder. 
3.2.5. Stripping potential 
The EN 12697-12 [51] was followed to evaluate moisture damage resistance of 
HWMA made with 0%, 55%, and 100% RCA. The mixtures were manufactured 
with different residual bitumen content beginning with the minimum residual 
bitumen content that complied with the air void content. 
In this test, for each RCA and residual bitumen content, a set of ten cylindrical 
Marshall samples compacted with 50 blows per face was manufactured. After the 
manufacturing, each set was subdivided into two subsets, namely the ‘dry’ and 
‘wet’ subsets. Five samples of the ‘dry’ subset was maintained at room 
temperature while five samples of the ‘wet’ subset were saturated and then held in 
a water bath for 3 d at 40 °C.  
Following this, the ‘dry’ and ‘wet’ subsets were left for 2 h at 15 °C. 
Subsequently, the tensile strength ratio of each set was determined as follows: 
100ITS
ITSTSR
D
w 
 
(1) 
where TSR denotes the tensile strength ratio (%), ITSW denotes the average 
tensile strength of the ‘wet’ specimens (MPa), and ITSD denotes the average 
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tensile strength of the ‘dry’ specimens (MPa). Additionally, TSR ≥ 80% is 
required by the Spanish specifications [34] for HWMA for use in binder courses. 
From the aforementioned tests, the optimum residual bitumen content was 
obtained as the minimum that complied with the air void content and stripping 
potential.  
3.2.6. Stiffness 
Stiffness is directly related to a material's ability to distribute traffic loads [52]. 
Thus, in order to design a HWMA and analyse its performance, it is essential to 
know its stiffness. 
In the study, the stiffnesses of HWMA made with 0% and 55% RCA at the 
optimum bitumen content were determined by means of the resilient modulus. 
The indirect tensile mode test was conducted by following EN 12697-26 Annex C 
[53] and by using the Cooper NU-14 testing machine.  
The resilient modulus is a non-destructive test. Compressive repeated haversine 
wave loads are applied to a vertical diametral plane of Marshall specimens 
compacted by 75 blows per face of the Marshall hammer. The repetition period of 
the impulse was 3 ± 0.1 s, and the rise time was 124 ± 4 ms. The maximum load 
was selected to achieve a maximum horizontal strain of 0.005% of the specimen 
diameter. Tests were conducted at 20 ºC.  
The resilient modulus was determined after 10 conditioning pulse cycles and five 
load pulse cycles as follows: 
hz
FM R 
 )27,0(  
(2) 
where MR denotes the resilient modulus (MPa), F denotes the maximum applied 
load (N), z denotes the horizontal deformation (mm), h denotes the sample 
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thickness (mm), and  denotes Poisson´s ratio (we assume a Poisson’s ratio of 
0.35 [53]). 
Spanish specifications do not include any requirements for the acceptance of 
HWMA AC 22 bin S in terms of resilient modulus. Therefore, stiffness results 
were used for comparison purposes.  
3.2.7. Resistance to permanent deformation 
In order to evaluate the resistance to permanent deformation (i.e. the ability of a 
mixture to avoid rutting), the RLAT was used without confinement by following 
BS DD 226:1996 [54]. A Cooper NU-14 testing machine was used to perform the 
test.  
The same Marshall specimens as those used in the resilient modulus test were 
used in the test. The specimens were left at a test temperature of 30 ºC for 12 h 
and then placed between two load platens. A pre-load of 10 kPa was applied for 
600 ± 6 s. Subsequently, the samples were subjected to 5400 load applications. 
The test was performed under the following conditions: axial stress of 100 ± 2 
kPa, load application period of 1 s, and a rest period of 1 s. The axial permanent 
strain is calculated as follows: 
100
0
),( xh
h
Tnp

 
(3) 
where p(n, T) denotes the axial permanent strain after n load applications at a 
temperature T in ºC, h0 denotes the initial distance between the two load platens 
(mm), and h denotes the axial permanent deformation (mm). 
In a manner similar to the stiffness results, the Spanish specifications do not 
include any requirements for the acceptance of the mixture in terms of RLAT 
permanent deformation. Therefore, the aforementioned results were used for 
comparison purposes.  
13 
4. Test results and discussion 
4.1. Mixing temperature 
As previously mentioned, all the temperatures indicated in Section 3.2.2. were 
tested by following NLT 145/72 [47]. Generally, for each RCA percentage, a 
combination of lower aggregate-bitumen emulsion temperatures that led to a 
proper coating was selected, thereby reducing both the environmental impact and 
the energy consumption. Finally, the selected temperatures used are those shown 
in Table 4. As shown in the table, the temperature generally increases when the 
RCA percentage increases.  
Table 4  
Selected mixing temperatures 
 
RCA Aggregate temperature 
(ºC) 
Bitumen emulsion 
(ºC) 
0% 105 60 
55% 100 65 
100% 110 65 
 
Figure 1 shows the appearance of the HWMA manufactured with the selected 
temperatures. As shown in the figure, a proper coating was achieved with the 
aforementioned temperatures. However, as expected, when the RCA percentage 
increases, it is significantly more difficult to perform the coating process due to 
the roughness of the RCA surface. Furthermore, the appearance of the bituminous 
mixtures when the RCA percentage increases is less shiny due to the increased 
bitumen absorption of the RCA. 
 
Fig. 1  
Appearance of the HWMA manufactured with the temperatures selected based on NLT-145/72: a) 
HWMA with 0% RCA, b) HWMA with 55% RCA, and c) HWMA with 100% RCA 
 
With respect to the HWMA manufactured at the minimum residual binder content 
and 0% RCA, it was observed that the coating was similar irrespective of when 
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the filler was added, namely at the beginning of the mixing process or with only 
one minute to the end of the mixing process. This holds for all the tested 
temperatures (see Section 3.2.2). 
However, for mixtures manufactured at the minimum residual binder content and 
55% RCA or 100% RCA, the time at which the filler is added is increasingly 
important. As shown in the example included in Figure 2, the mixtures in which 
the filler is added at the beginning of the mixing process (Figure 2a) exhibit a 
worse coating than those in which the filler is added when only 1 min remains for 
the mixing process to end (Figure 2b).  
Thus, in order to optimise and to standardise the manufacturing process, an option 
was selected in which the filler is added after an initial mixing period. Thus, the 
filler is added when only 1 min remains for the mixing process to end for all the 
RCA percentages (0%, 55%, and 100%). 
 
Fig. 2  
Appearance of HWMA with 100% RCA manufactured at the temperature of 105 ºC for the 
aggregates and 75 ºC for the bitumen emulsion: a) Filler incorporated at the beginning of the 
mixing process and b) filler incorporated when only 1 min remains for the mixing process to end 
 
4.2. Mixing time 
In order to select the optimal mixing time, several tests were conducted in the 
laboratory involving manufacturing mixtures with different mixing times. 
Thus, it was concluded that a mixing time of 60 s in the laboratory mixer was not 
sufficient to obtain a proper coating of the aggregates. Specifically, for mixtures 
made with 55% and 100% RCA, 60 s of mixing time led to improper coating due 
to the rough nature of the RCA. Therefore, in order to homogenise the mixing 
process, the maximum mixing time recommended by the ATEB [45] (i.e. 120 s) 
was used. 
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4.3. Volumetric properties 
Volumetric properties find wide application in the design of asphalt mixtures. As 
previously mentioned, the bulk specific density (d), maximum specific density 
(m), and air void content (Va) were determined for HWMA made with 0%, 55%, 
and 100% RCA manufactured with different residual bitumen contents. 
Figures 3, 4, and 5 show the evolution of the aforementioned properties when the 
residual binder content increases. 
Fig. 3  
Bulk specific density versus the residual bitumen content for HWMA manufactured with 0% 
RCA, 55% RCA, and 100% RCA 
 
Figure 3 clearly indicates that the bulk specific density increases when the 
residual binder content increases. This was potentially due to the increased 
compaction achieved for mixtures with increases in the bitumen emulsion content 
and the increased mass of bitumen introduced in the mixture. Furthermore, the 
figure also shows that the bulk specific density of the mixtures decreases when the 
RCA percentage increases in the composition of HWMA since the RCA density is 
lower than the natural aggregate density. 
 
Fig. 4  
Maximum specific density versus the residual bitumen content for HWMA manufactured with 0% 
RCA, 55% RCA, and 100% RCA 
 
Figure 4 shows that the maximum specific density decreases when the residual 
binder content increases. This is due to the lower density of the binder. 
Additionally, in  a manner similar to Figure 3, the figure shows that the maximum 
specific density of the mixtures decreases when the RCA percentage increases in 
the composition of HWMA, and this again is because the RCA density is lower 
than the natural aggregate density. 
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Fig. 5  
Air void content versus the residual bitumen content for HWMA manufactured with 0% RCA, 
55% RCA, and 100% RCA 
 
As expected, Figure 5 shows that, the air void content decreases when the residual 
binder content increases. Additionally, Figure 5 shows that the air void content 
increases when the RCA percentage increases in the composition of HWMA. This 
is potentially because it is more difficult to compact mixtures made with RCA due 
to the roughness of the RCA surface and because the RCA exhibits increased 
absorption than that of natural aggregates. 
In order to comply with the Spanish specifications [34, 45], the lower and upper 
limits in terms of air void content are also shown in Figure 5. As shown, the first 
residual content that achieves compliance with the specifications increases when 
the RCA percentage increases. Thus, the absorptive nature of RCA and its rough 
surface make mixtures made with RCA demand an increased residual bitumen 
content as follows: 4.1% for mixtures made with 0% RCA, 6.5% for mixtures 
made with 55% RCA, and 7.0% for mixtures made with 100% RCA.  
4.4. Stripping potential 
The moisture damage resistance of HWMA was analysed beginning with the 
minimum residual bitumen content determined in the previous section. Table 5 
summarises the water sensitivity results. 
Table 5  
Water sensitivity results for HWMA made with 0%, 55%, and 100% RCA. 
 
RCA  
Residual 
bitumen 
content 
(%) 
ITSD 
(MPa) 
ITSW 
(MPa) 
TSR 
(%) 
0% 4.1 0.840 0.713 83.1 
55% 6.5 0.639 0.525 82.2 
100% 
7.0 0.793 0.484 61.0 
7.2 0.760 0.539 70.9 
7.4 0.732 0.502 68.6 
7.6 0.862 0.674 78.1 
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7.8 0.867 0.676 77.9 
 
Table 5 clearly shows that the TSR decreases when the RCA percentage 
increases.  Thus, with respect to the HWMA, the incorporation of RCA was 
detrimental in terms of moisture damage resistance. 
Table 5 also shows that HWMA made with 0% and 55% RCA exhibits a TSR 
exceeding 80% as required in the Spanish specifications for the minimum residual 
binder content determined in the previous section. Nevertheless, in order to 
comply with the specifications and display adequate water sensitivity, HWMA 
made with 55% RCA required 39% higher residual bitumen content than mixtures 
made with 0% RCA (control mixture). Given the aforementioned results, the 
optimum residual bitumen content for HWMA made with 0% RCA was 4.1% and 
that for HWMA made with 55% RCA was 6.5%. 
Additionally, Table 5 also shows that it was not possible to manufacture HWMA 
with 100% RCA due to its low moisture damage resistance. With respect to 
minimum residual binder content determined in the previous section, the TSR was 
only 61.0%, and this was lower than the required 80% TSR. The TSR also 
increased if the residual bitumen content increased. As shown for 7.8% of the 
residual binder content, the TSR was 77.9% and was still lower than the required 
limit of 80%. Hence, it was not considered appropriate to continue increasing the 
residual binder content since it was excessive, and this contrasts with the 
principles of sustainability that motivated the study. 
4.5. Stiffness 
Stiffness analysis is conducted on samples made with 0% RCA (control mixture) 
and 55% RCA at their optimum bitumen contents (4.1% and 6.5% of residual 
binder content, respectively) by using an indirect tensile strength device. The 
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HWMA made with 100% was not analysed due to its poor water resistance 
performance. 
The control mixture displayed a resilient modulus of 6,325.5 MPa. In contrast, 
HWMA made with 55% of RCA exhibited a resilient modulus value of 3,915.0 
MPa. Thus, both values were in the range typically exhibited by asphalt concrete 
mixtures (i.e. from 3450–13,760 MPa) [55]. Nevertheless, HWMA made with 0% 
RCA was in the middle of the range and HWMA made with 55% RCA  was close 
to the lower limit of this range. Thus, HWMA made with 55% RCA displayed an 
adequate resilient modulus although it was 40% lower than the control mixture. 
The low stiffness implied that the mixture could be specifically useful for flexible 
pavements of low-traffic volume roads. 
4.6. Resistance to permanent deformation 
As shown in Figure 6, the RLAT results are typically shown by the cumulative 
permanent axial strain evolution versus the number of applied cycles.  
Figure 6 shows the averaged results of two samples for HWMA made with 0% 
RCA and six samples for mixtures made with 55% RCA. The increase in the 
number of samples for mixtures made with 55% RCA was due to the dispersion 
that indicated the aforementioned mixtures.  
In a first analysis of the figure, in order to quantify the resistance to permanent 
deformation, the average creep of the curve slope between 600 and 1800 cycles 
was used because a linear relationship exists between the cumulative permanent 
axial strain and the number of load applications in the aforementioned cycles [56]. 
Thus, a higher slope corresponds to an increased deformation rate and increased 
rutting potential, i.e. lower resistance to permanent deformation.  
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As previously mentioned, given the absence of specifications, the analysis 
compared the resistance to permanent deformation between mixtures made with 
0% RCA (control mixture) and mixtures made with 55% RCA in which both 
included the optimum bitumen content (4.1% and 6.5% of residual binder content, 
respectively). 
 
Fig. 6  
Cumulative permanent axial strain evolution versus the number of applied cycles for HWMA 
manufactured with 0% RCA and 55% RCA (averaged results) 
 
As shown in Figure 6, HWMA made with 55% RCA displays a higher slope 
(0.03%) than mixtures made with 0% RCA (0.004%). Specifically, mixtures made 
with 55% RCA exhibited a slope that was 750% that of mixtures made with 0% 
RCA. Thus, mixtures made with 55% RCA displayed higher rutting potential than 
HWMA made with 0% RCA. 
Nevertheless, all the HWMA tested exhibited permanent deformation levels that 
were lower or similar to those exhibited by conventional HMA for the RLAT test 
at the 1800th cycle. For comparison purposes, Santagata et al. [57] obtained values 
between 0.4% and 1.1 at the 1800th load cycle for the HMA. Aschury et al. [58] 
obtained values of approximately 1.3% for the HMA. As shown in Figure 6, the 
HWMA made with 0% RCA exhibits final axial permanent strain values of 0.6% 
while HWMA made with 55% RCA indicates final axial permanent strain values 
of 1.3% at the 1800th cycle. Nevertheless, the aforementioned results clearly 
indicate that mixtures made with 55% RCA displayed higher rutting potential than 
HWMA made with 0% RCA. 
The shear flow is considered in a second analysis of figure 6. It is widely-known 
that permanent deformation is the result of a combination of densification and 
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shear flow [59]. Densification is due to the reduction in air voids [59]. When the 
shear flow acts, the air voids remain constant although the asphalt flows from the 
tire bed to the tire sides [59]. Additionally, as shown in figure 6, the shear flow 
acts when mixtures are made with 55% RCA although it does not when mixtures 
are made with 0% RCA. Furthermore, the aforementioned results indicate that 
mixtures made with 55% RCA display lower resistance to the permanent 
deformation than HWMA made with 0% RCA. 
 
5. Conclusions 
In the study, A HWMA type AC 22 bin S made with 0%, 55%, and 100% of RCA 
and bitumen emulsion C60B4 was manufactured by using the Marshall method. 
After compaction, the mixtures were cured at 50 ºC for 3 d in an oven. Volumetric 
properties, stiffness, and resistance to permanent deformation were evaluated in a 
laboratory. The following conclusions were obtained from the study:  
 As expected, when the RCA percentage increases, the coating process 
becomes more difficult due to the rough texture of the RCA surface. 
Hence, there were differences in the optimum mixing temperatures for 
mixtures made with 0%, 55%, and 100% RCA.  A proper aggregate 
coating was achieved by using mixing temperatures ranging from 100 ºC 
to 110 ºC for the aggregates and from 60 ºC to 65 ºC for the bitumen 
emulsion. 
 Generally, the results indicated that the introduction of RCA in HWMA 
led to increased mixing temperatures. 
 The introduction of RCA in HWMA caused the mixing process to exhibit 
a higher influence than when RCA is not used. Specifically, the moment in 
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which the filler was added to the mixture did not affect the aggregate 
coating results in the control mixture (0% RCA). Nevertheless, it played a 
crucial role when 55% and 100% RCA were used. 
 Hence, in order to design a mixing process that was suitable for all RCA 
percentages, it was necessary to incorporate the mineral filler when 1 min 
remained for the mixing process to end and not at the beginning of the 
mixing process. 
 Similarly, a mixing time of 120 s was used. The rough nature of RCA 
required the mixing time to achieve a proper aggregate coating. Thus, the 
use of RCA in HWMA led to increased mixing time. 
 Given the increased absorption and roughness of the RCA, the effective 
binder reduced in the mix, and increased energy was necessary to compact 
the particles. Consequently, the air voids content in HWMA increased 
with the percentage of RCA. 
 The absorptive nature of RCA and its rough surface indicated that HWMA 
made with RCA demand increased residual bitumen content. Hence, 
mixtures made with 0% RCA and 55% RCA exhibited optimum residual 
binder contents of 4.1% and 6.5%, respectively. 
 HWMA made with 0% and 55% of RCA, displayed adequate stripping 
potential (TSR80%) at their optimum bitumen content. 
 Nevertheless, as expected, the incorporation of RCA instead of natural 
aggregates for manufacturing of HWMA is detrimental in terms of 
moisture damage resistance. Specifically, it was not possible to 
manufacture a mixture with 100% RCA due to its high stripping potential. 
 HWMA made with 0% and 55% RCA displayed resilient modulus in the 
range of values typically exhibited by asphalt concrete mixtures. 
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 However, it should be noted that HWMA made with 55% RCA displayed 
a resilient modulus that was 40% lower than that of the control mixture 
(0% RCA). Thus, the incorporation of RCA to HWMA reduced the 
stiffness of the mixture. 
 With respect to aforementioned reasons, HWMA made with 55% RCA 
can be specifically useful for flexible pavements of low-traffic volume 
roads. 
 HWMA made with 55% RCA displayed increased rutting potential when 
compared to HWMA made with 0% RCA. Nevertheless, both mixtures 
exhibited an adequate resistance to permanent deformation. 
This study is a preliminary investigation that focused on moisture damage 
resistance, stiffness, and rutting potential of HWMA made with RCA instead of 
natural aggregates. Further investigations are required to strengthen the 
understanding of the aforementioned types of mixtures. 
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Figure 1 
 
a) HWMA with 0% RCA 
c) HWMA with 100% RCA 
b) HWMA with 55% RCA 
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Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Filler incorporated at 
the beginning of the 
mixing process 
b) Filler incorporated 
when there was only 
one minute to the end 
of mixing process 
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